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Abstract 
Upward, laminar, axisymmetric, submerged impinging jets, with water as the working fluid, are numerically investigated in detail, with 
the impingement surface subjected to high heating rates. The heating greatly changes the density, viscosity, and thermal conductivity of 
the fluid, which causes the post-impingement wall-jet to prematurely separate from the impingement surface at some radial distance from 
the center-line. Consequently, the local heat transfer rate deteriorates. The separated jet fluctuates, and it is found that the flow dynamics 
and heat-transfer properties strongly depend both on the heating rate and the inlet-based Reynolds number. The Nusselt number, the skin 
friction coefficient, the surface temperature, and the surface pressure are examined at the inlet-based Reynolds number of 600, for the 
three heating rates of 5, 10, and 20 kW/m2. When the area-averaged heat-transfer is compared with non-separated jet under identical 
conditions (which are realized by keeping the fluid properties independent of the temperature in the computation), it is found that the heat 
transfer efficiency on the impingement surface reduces by about 23%, 32%, and 35%, respectively. Afterwards, the Reynolds number is 
changed to 300 and 900, while keeping the heating rate constant at 10 kW/m2. In these cases, the efficiency reduces by about 40% and 9%, 
respectively. 
© 2013 The Authors. Published by Elsevier Ltd. Selection and/or peer-review under responsibility of  the Hunan University 
and National Supercomputing Center in Changsha (NSCC). 
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Nomenclature 
d inlet diameter 
k thermal conductivity of water 
Nu Nusselt number based on inlet diameter and film-temperature 
q heating rate on the impingement surface (kW/m2) 
r radial distance from the centre-line 
Re Reynolds number
inlet
dW where the denominator is the kinematic viscosity of water at the inlet temperature 
t time 
T temperature 
W instantaneous velocity component in the z-direction 
z axial distance from the nozzle inlet in upward direction 
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Greek symbols 
 efficiency of the physical quantities defined on the impingement surface (%) 
 peripheral direction of the cylindrical coordinate system (degrees) 
 water density 
 
Subscripts 
c physical quantity defined at the central axis 
inlet physical quantity defined at the inlet conditions 
CFP  Flow quantities calculated after assuming temperature-independent, constant fluid properties 
 
Conventions 
[a]  time average of any physical quantity a 
)(ra  area-averaged value of any physical quantity, a, over the circle of radius r 
<a> normalized value of any physical quantity a 
1. Introduction 
Due to the extensive usage of laminar impinging jets in small and delicate applications, along with their scientifical 
importance in case of thick working fluids where realization of the turbulence requires ultra-high velocities, laminar jets 
have been studied by many researchers in the past. Sahoo and Sharif [1] found that, in general, the flow and heat transfer 
characteristics in the forced-convection region of the post-impingement flow are independent of the buoyancy force, and 
approximately same in both the upward and downward jets. However, at the far radial distances, they differ, due to the 
increased role of the buoyancy force, which is caused by the temperature dependence of the working fluid s physical 
properties. Shekhar and Nishino [2] found that the local heat transfer of upward impinging jet in the radially far region is 
severely reduced by an abrupt separation of the wall jet in the downward direction, as the local buoyancy force becomes 
comparable to the inertia of the flow there. Lin and Armfield [3] also numerically studied similar upward impinging jets, but 
did not observe the separation, because they carried out their analysis only for a short time. Rady [4] found that the area-
averaged heat transfer for upward jets decreases with increasing surface temperature. A similar observation is made in the 
present study as well. 
From the literature survey, it is apparent that the numbers of studies that explicitly cover upward impinging jets are small, 
and primarily focused on the average heat transfer in the forced convection region. Moreover, these studies do not provide 
any scientific insight into the changes in the local flow dynamics that causes the heat transfer reduction in the radially far 
region when the controlling parameters, such as, the Reynolds number and surface heating rate, are changed. In the present 
study, the flow dynamics and the heat transfer characteristics are numerically studied in detail. At first, the Reynolds 
number is kept constant at 600, while the impingement surface is uniformly heated with the three heating rates of 5kW/m2, 
10kW/m2, and 20kW/m2, case by case. Afterwards, the Reynolds number is changed to 300 and 900, while the heating rate 
is kept constant at 10kW/m2. The applied heating rates are high and induce large changes in the physical properties of the 
working fluid, which is water in the present study. 
It worth noting that the density, kinematic viscosity, specific heat, and thermal conductivity of water varies by 4.5%, 
84%, 0.9%, and 19.2%, respectively, when the water temperature is increased from 0oC to 100oC [5, 6]. As the specific heat 
varies only a little, it is considered constant in the computation. 
To assess the degree of the heat transfer reduction, additional computations are carried out for the same aforementioned 
impinging jets, but after setting their fluid properties independent of the temperature. The results show that the flows do not 
separate in these cases, as expected. These results are compared with the original, temperature-dependent fluid properties 
results, to evaluate the heat-transfer efficiency that is causes by the jet separation. 
1.1. Normalization of physical quantities 
Except the heating rate, all other physical quantities in this paper are normalized and presented within < >. The spatial 
dimensions and velocity components are normalized with respect to the inlet diameter and the mean inlet velocity, 
respectively. Similarly, time, pressure, and temperature are normalized as follows: 
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2. System details and numerical methodology 
The flow geometry and numerical methodology are same as in our previous study [2]. However, they are briefed below 
for the completion purpose. 
The schematic diagrams of the flow geometry are shown in Fig 1, with the normalized spatial dimensions. The 
impingement chamber is a confined, vertical, three-dimensional, cylindrical domain, with top, bottom, and side walls. The 
inlet is carved at the bottom wall, in the form of a concentric circular hole, which is fitted with a long pipe having inner 
diameter, d, equal to 9.85 mm. The water is fed into the domain against the gravity, in the form of a fully-developed, 
parabolic-shaped velocity profile at the desired flow rates. The inlet temperature of the water is uniform and equal to 21.5oC. 
The flow outlet is also carved on the bottom wall itself, in the form of a concentric, annular hole, which touches the 
cylindrical side-wall. 
The upward jet impinges perpendicularly onto the top surface, which is flat and horizontal, and located 5.95d away from 
the inlet. This surface has an embedded, uniform, concentric, circular heater of diameter 10.15d, which heats the flow 
domain at the desired heating rates. The jet impinges directly onto the heater surface. 
The flow domain is submerged in a large water reservoir, which is maintained at the same temperature of 21.5 oC. 
The above flow system is solved numerically, using the MAC (Marker and 
Cell) algorithm by Harlow and Welch [7], on the staggered grids in a 
cylindrical coordinate system. The governing equations consist of the transient, 
three-dimensional Navier-Stokes and energy equations, together with the 
continuity and pressure Poisson equations. In the computation where the 
physical properties of the fluid is considered temperature dependent, the density 
variation is implemented by means of the Boussinesq approximation and the 
specific heat is taken constant at the inlet temperature. In the temperature-
independent fluid properties computations, all the fluid properties are 
considered constant at the inlet temperature. 
As the flow domain is axisymmetric, the computations are carried out only 
in an angular slice of the physical domain, which is shown in the Fig 1. The 
three-dimensionality of the computation domain is retained in order to observe 
any peripheral fluid motion that may get induces as a result of the heating. 
The spatial derivatives in the governing equations are discretized using the 
standard, second-order, center-difference scheme, except the convection term of 
the energy equation, which is discretized using a hybrid scheme that has both 
the central-difference and the upwind scheme properties. On the other hand, the 
transient terms are handled with third-order accurate Runge-Kutta schemes, 
with the time step of 20 s. 
In the peripheral direction, uniform grids are employed due to the 
axisymmetry of the flow geometry; whereas, non-uniform grids are used in the 
radial and axial directions. The grids are fine near the solid boundaries and the 
central axis, in order to adequately resolve the local, high velocity-gradients. In 
the inner region, however, coarser grids are used to save the computational 
resources. The grid-spacing ranges in the three spatial directions are: r> = 
0.030~0.132,  = 5o z> = 0.010~0.153. 
At the side boundaries of the computational domain (marked as B1 and B2 
in Fig 1), the periodic boundary condition is used; whereas, the no-slip 
boundary condition is used on the solid surfaces. Moreover, the solid 
boundaries, except at the heater, are also considered thermally insulated. At the 
outlet, the non-reflective Orlanky boundary condition [8] is used. At the central axis, symmetric boundary condition is used, 
with the radial velocity component equal to zero. 
To supply the boundary condition for the pressure Poisson equation, the normal pressure gradients are derived at the 
solid walls and at the inlet from the momentum equations. On the outlet, the pressure is considered constant, which is 
obtained from the height of the water column there. At the boundaries B1 and B2, the periodic boundary condition is used. 
At the central axis, the symmetric boundary condition is used. 
Initially, the system is considered perfectly stand-still, with the pressure being only the static pressure due to the water 
column. When the computation starts, the inlet flow velocity increases in an exponential fashion, which reaches 99% of the 
desired velocity in one second, while maintaining the parabolic shape throughout the time. 
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Fig. 1. Schematic diagrams of the flow geometry. 
The spatial dimensions are normalized by the inlet 
diameter. The vector g represents the gravity. 
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The computation is carried out for more than 200 seconds in each of the studied cases, by using a self-developed code in 
the C programming language. The code is parallelized using OpenMP, and run on a 2.83 GHz, 64bit, eight-processor, 
shared-memory computer, which took more than one year of continuous running to finish all the computations. 
The accuracy of the code is rigorously validated in our previous study [2] by comparing the computed results in the Re = 
600, q = 5 kW/m2 case with the results obtained from the Particle Image Velocimetry (PIV) experimental technique. 
3. Results and Discussion 
The instantaneous velocity and the instantaneous temperature fields at <t> = 725 are presented in Figs 2(a) and (b), 
respectively, for the Re = 600, q = 10 kW/m2 flow. The Fig 2(a) readily confirms the steep and premature separation of the 
wall-jet in the downward direction. Simultaneously, the Fig 2(b) shows large heat augmentation in the region radially 
farther than the separated jet, where the incoming heat from the heater is not efficiently convected away. It makes this 
region essentially a dead zone where the local temperature gets elevated. The low heat transfer rate and high temperature in 
this region also becomes evident from Figs 3(a) and (b), which are discussed in the upcoming section 3.1. 
3.1. Flow dynamics 
Our previous study [2] has demonstrated that the flow separation is a universal phenomenon that is associated with the 
heating of upward impinging jets, which causes the flow to separate even after the side wall of the flow domain is removed. 
The separation mechanism is different from the straightforward separation caused by the buoyancy force normally acting on 
the wall-jet, which happens to be the case in downward impinging jets. In upward impinging jets, the wall-jet becomes 
gradually weaker with the increasing radial distance and it cannot efficiently remove the heat that is continuously fed into 
the domain by the heater at far radial locations. As a consequence, the local fluid temperature gradually increases, which 
starts the formation of the dead zone. In this high-temperature region, the pressure increases, as well, as evident from its 
contour lines in Fig 2(b). When the radially progressing wall-jet encounters the abruptly increased pressure, it deflects 
slightly downward. Initially, the angle of deflection remains small, but it increases with time, as the volume of the heated 
water grows. It is found that, when the heated water volume grows beyond a limit, its lower portion breaks down, which 
causes the dead zone to shrink abruptly. Consequently, the separation location shifts radially away from the center-line. 
With time, the dead zone grows again as a result of the heat accumulation, followed by another breakdown. This cycle 
continues, which causes the radial distributions of the on-surface quantities, such as, temperature, pressure, Nusselt number, 
and skin friction coefficient to also oscillate radially back and forth, accordingly. 
This is demonstrated by plotting the time histories of the Nusselt number and surface temperature in Figs 3(a) and (b), 
respectively. The Fig 3(a) clearly shows that the Nusselt number decreases suddenly from 10 to about zero. Therefore, the 
Nu = 10 contour line marks the locus of the separation point. Similarly, the Fig 3(b) shows a sudden increase in the 
temperature across the separation point. 
The above plots also reveal a slow, but gradual shift of the separation point towards the center-line. After <t> = 1500, 
however, this point tends to stabilize about a fixed value. The amplitude, the mean separation location, and the average time 
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Fig 2. Instantaneous (a) velocity vectors and (b) temperature and pressure contours at <t> = 725. The figures also mark the dead-zone that forms after the 
wall-jet separates and where the temperature and pressure are high. 
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period of the oscillation are summarized in table 1, for all the flows considered in the present study. The table shows that the 
aforementioned oscillation parameters depend on the Reynolds number and the heating rate, both. At Re = 600, the jet-
separation distance decreases with increasing heating rate, because the same wall jet can remove a larger incoming heat 
(from the heater) only until a shorter distance. The increased heating also increases the amplitude and the time-period. 
For the fixed heating rate of 10 kW/m2, the separation distance increases when the Reynolds number is increased from 
300 to 600, and then to 900, as expected. As for the amplitude and time period, both increase when the Reynolds number is 
increased from 600 to 900. At Re = 300, however, the separation point gradually shifts towards to the center-line without 
any oscillation, as the buoyancy force overwhelmingly dominates the weaker flow inertia. Therefore, the two oscillation 
parameters are given as 0 and , respectively. 
Although not presented, the surface pressure and the skin friction coefficient are also found to oscillate similar to the 
Nusselt number and the temperature. In the post-separation region, the pressure increases suddenly (as indicated by the 
pressure contour lines in Fig 2(b)), whereas the skin friction coefficient decreases in the absence of radial wall jet, as 
expected. 
3.2. Heat transfer efficiency 
The heat transfer efficiency,         , is mathematically defined as follows: 
Here, the [ Nu (r)] represents the time- and area-averaged Nusselt number over the concentric circular region of radius r (on 
the impingement surface), after the separated flow starts oscillating. The Nusselt number values along the radial line  = 
2.5o is used for the averaging. In fact, some variations are observed in the peripheral direction as well, but they are neglected 
in the averaging process. 
(a)         (b)  
Fig. 3. Time histories of (a) the Nusselt number and (b) the surface temperature. 
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Fig. 4. Area-averaged heat transfer efficiency at (a) Re = 600, q = 5, 10, and 20 kW/m2 and (b) Re = 300, 600, and 600, q = 10 kW/m2. 
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The heat-transfer efficiencies of the Re = 600 flow subjected to the three heating rates are presented in Fig 4(a), in terms 
of the radius of the averaging area. The figure readily shows that when the averaging area does not contain the separation 
point, the efficiency remains close to 100%; that is, the pre-separation region is unaffected of the changes in the fluid 
properties. However, when the averaging area is enlarged, the efficiency deteriorates, by about 23%, 32%, and 35% at q = 5 
kW/m2, 10 kW/m2, and 20 kW/m2, respectively, when the averaging area covers the entire heater. Simultaneously, the figure 
also confirms the gradual reduction in the mean separation distance with the increasing heating rate. 
The heat transfer efficiencies are plotted for the Re = 300, 600, and 900 flows, at q = 10 kW/m2, in Fig 4(b). The figure 
show that the heat transfer in the post-separation region deteriorates most in the Re = 300 case, by as much as 60% at <r> = 
2.5, but the heat transfer slowly recovers when the <r> is increased. When the averaging is done over the entire heater area, 
the efficiency reduction becomes about 40%. At Re = 900, however, the reduction is only about 9%, due to the dominance 
of the wall-jet s flow inertia over the buoyancy force. The plots also confirm the monotonic increment of the mean jet-
separation distance with the Reynolds number. 
The time-averaged values of the stagnation-point Nusselt number and area-averaged Nusselt number over the entire 
heater (that is, [Nustag] and [ Nu (rheater)], respectively), together with the heat transfer efficiency over the entire heater (that is, 
(      (rheater))), are summarized in the table 1, for all the studied cases. 
 
Table 1. Reynolds number and heating rate dependence of the flow s oscillation and heat transfer characteristics. 
Re q (kW/m2) <[Jet separation distance]> <[Amplitude] > <[Time period]> [Nustag] [ Nu (rheater)]  
600 5 3.1 0.31 210 84.8 11.8 76.5 
600 10 2.4 0.27 112 85.2 10.4 67.7 
600 20 1.8 0.17 72 86.3 9.9 64.5 
300 10 0.8 0  51.5 4.9 60.4 
900 10 4.2 0.49 285 114.7 19.1 91.3 
4. Conclusions 
Flow dynamics and heat transfer characteristics of laminar impinging jets are numerically studied (1) at the three heating 
rates of 5 kW/m2, 10 kW/m2, and 20 kW/m2, while keeping the Reynolds number constant at 600 and (2) at the three 
Reynolds numbers of 300, 600, and 900, while keeping the heat transfer rate constant at 10 kW/m2. The results show that 
the heating causes the wall-jet to prematurely separate, with the separation location oscillating radially back and forth in a 
cyclic fashion. In this process, the mean jet-separation location slowly moves towards the center-line for some time; but, 
later, it tends to stabilize about a fixed radial distance. The time-averaged values of (1) the separation distance from the 
center-line, (2) the amplitude, and (3) the time period are found to decrease with increasing heating rate or with decreasing 
Reynolds number, due to the dominance of the buoyancy force. In fact, the buoyancy force so overwhelmingly dominates 
the inertia force in the Re = 300, q = 10 kW/m2 case that the wall jet separates as close as <r> = 0.5, and that too without 
any oscillation. 
It is found that the jet separation does not affect the heat transfer efficiency in the region before the separation point. 
However, the efficiency deteriorates severely in the post-separation region. The maximum efficiency reduction over the 
entire heater area reaches as much as 40%, in the Re = 300, q = 10 kW/m2 case. On the contrary, the reduction is only about 
9% when the Reynolds number is increased to 900 (while keeping the heating rate the same). 
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